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Polar body formation in oocytes is an extreme form of asymmetric cell division, but what regulates the asymmetric spindle positioning and
cytokinesis is poorly understood. During mouse oocyte maturation, the metaphase I spindle forms at the center but then moves to the cortex prior
to anaphase I and first polar body emission. We show here that treating denuded mouse oocytes with brefeldin A, an inhibitor of Golgi-based
membrane fusion, abolished the asymmetric positioning of the metaphase I spindle and resulted in the formation of two half-size metaphase II
eggs, instead of a full-sized egg and a polar body. The normal metaphase II spindle is similarly asymmetrically positioned in the mature egg, where
the spindle lies with its axis parallel to the cortex but becomes perpendicular before anaphase II and emission of the second polar body. When
ovulated eggs were activated with strontium in the presence of brefeldin A, the metaphase II spindle failed to assume perpendicular position, and
the chromosomes separated without the extrusion of the second polar body. Remarkably, symmetric cytokinesis began following a 3 h delay,
forming two half-size eggs each containing a pronucleus. BFA-sensitive intracellular vesicular transport is therefore required for spindle
positioning in both MI and MII.
© 2007 Elsevier Inc. All rights reserved.Keywords: Brefeldin A; Oocyte maturation; Mouse; Polar body; Spindle positioning; Golgi; Midbody; Strontium activation; CytokinesisIntroduction
In vertebrates, generation of the haploid female germ cell is a
complex and lengthy process. The primordial oocyte forms in
the embryonic gonad following the S phase after the last mitotic
cell division. The tetraploid oocyte then enters a prolonged
period of prophase arrest during which the oocyte grows in size,
accompanied by the growth and development of the surround-
ing somatic follicle cells. Adult mouse ovaries contain an array
of follicles at various developmental stages. A preovulatory
follicle contains a fully grown, prophase-arrested oocyte. Prior⁎ Corresponding author. Ottawa Health Research Institute, Ottawa Hospital,
Civic Campus, 1053 Carling Avenue, 725 Parkdale Avenue, Ottawa, Canada
K1Y 4E9.
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doi:10.1016/j.ydbio.2007.10.009to ovulation, the oocyte exits prophase arrest and resumes
meiosis, initiating a process also known as oocyte maturation.
During oocyte maturation, the nuclear envelope breaks down
(also known as germinal vesicle breakdown or GVBD) to allow
the formation of the metaphase I spindle. This is followed by
completion of meiosis I with the separation of chromosome
homologues. Half of the chromosome homologues are ejected
in the first polar body. Oocyte maturation is complete when the
oocyte reaches and arrests at metaphase II. The mature oocyte
(egg), which is arrested in metaphase II, is ovulated and awaits
fertilization. At fertilization, the egg is released from metaphase
II arrest and segregates half of the sister chromatids to the
second polar body. The remaining half forms the haploid female
pronucleus, finally completing meiosis.
The generation of a polar body is an extreme form of
asymmetric cell division in that one daughter cell (the polar
body) contains very little cytoplasm and hence is not viable. The
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egg-laying organisms including avian and amphibian species.
Embryos of these species develop entirely outside of the
maternal body and therefore depend solely on nutrients stored in
the mature egg to complete embryogenesis. Understandably,
avian and amphibian eggs are very large. In mammals, embryos
implant in the uterus soon after fertilization and rely on the
maternal supply of nutrients for embryonic development.
Indeed, mammalian eggs are relatively small. However, despite
these differences, meiosis in mammalian female germ cells
retains the feature of asymmetric division and polar body
formation. Clearly the oocyte cytoplasm, and not the chromo-
some pairing characteristics, determines this asymmetric cell
division. First, both meiosis I and meiosis II result in polar body
formation, even though meiosis I divides homologous chromo-
somes (specific to meiosis) and meiosis II divides sister
chromatids (analogous to mitotic division). Second, somatic
cell nuclear transfer, in which an enucleated egg is injected with
the spindle from a metaphase-arrested somatic cell, also results
in the reconstituted egg dividing by polar body formation once
parthenogenetically activated (Ono et al., 2001).
The key to polar body formation is the asymmetric spindle
positioning in the oocytes. In particular, the centrally formed
metaphase I spindle migrates along its axis to the nearest cortex
and assumes a perpendicular configuration relative to the cortex
prior to anaphase initiation and cytokinesis (Verlhac et al.,
2000). What determines this asymmetric spindle positioning is
not clear. In this study, we found that brefeldin A (BFA), a
fungal toxin widely used to inhibit Golgi-based membrane
vesicle fusion, inhibited spindle migration in denuded oocytes.
This resulted in symmetric cell division and the generation of
two half-size, metaphase II eggs. BFA also disrupted second
polar body formation when ovulated eggs were parthenogen-
etically activated. Therefore, BFA-sensitive intracellular vesi-
cular transport plays an essential role in the asymmetric spindle
positioning that is required for polar body formation.
Materials and methods
Immature CF1 female mice (Charles River, Canada), 21–27 days old, were
used for all experiments except those described in Figs. 3D and 4B. In the spring
of 2007 when Charles River experienced difficulties in delivering CF1 mice, we
purchased their BDF1 mice (21–27 days) for those experiments. Mice were
provided with water and mouse chow ad libitum and housed in air-conditioned
rooms illuminated for 14 h/day. Chemicals were purchased from Sigma unless
otherwise indicated.
Isolation and culture of denuded mouse oocytes
Mice were sacrificed by cervical dislocation. Ovaries were immediately
removed and transferred to 2–3 ml Hepes–KSOM medium (oocyte handling
medium: 104 mM NaCl, 2.5 mM KCl, 0.35 mM KH2PO4, 0.2 mM MgSO4,
1 mM Na lactate, 0.2 mM glucose, 0.2 mM Na pyruvate, 4 mM NaHCO3,
21 mM Hepes, pH 7.4, 1.7 mM CaCl2, 1 mM glutamine, 0.01 mM EDTA,
0.03 mM streptomycin SO4, 0.16 mM K penicillin G, 1 mg/ml bovine serum
albumin) in a 35 mm tissue culture dish (Fisher, Pittsburgh, PA). Individual
antral follicles were dissected from the ovary using forceps and a sterile 30-
gauge needle attached to a syringe, according to Downs (2000). Antral follicles
were pierced with a 30-gauge sterile needle, and denuded oocytes were obtained
by repeatedly pipetting the follicles with a Pasteur pipette to remove cumuluscells. Only oocytes showing clear nuclear membrane (GV oocytes) were
collected. Oocytes were cultured using microdrop culture. Briefly, a drop
(approximately 50 μl) of KSOM medium (oocyte culture medium, identical to
Hepes–KSOM, except that the 21 mM Hepes was replaced with 21 mM
NaHCO3) was placed on 35 mm tissue culture dishes and overlaid with 2–3 ml
of KSOM-washed mineral oil. The medium was pre-equilibrated in an incubator
with 5% CO2, 5% O2, 90% N2/air at 37 °C and 100% humidity before use.
Oocytes were washed through 2–3 consecutive drops of KSOM using a mouth-
operated pipette, then cultured in the last drop of KSOM, and the dish was
returned to the incubator.
Parthenogenetic activation of ovulated eggs
To obtain MII eggs, mice were induced to superovulate by injection of
PMSG followed 48 h later by injection of hCG (Zhu et al., 2003). Sixteen hours
after hCG injection, mice were sacrificed and the oviductal ampullae was broken
to release the cumulus–oocyte complexes (COCs). Eggs were freed of cumulus
cells by exposure to 300 μg/ml hyaluronidase in M2 medium (commercial
medium purchased from Sigma) followed by gentle rinsing in several changes of
Ca2+-free KSOMmedium. To activate the eggs, oocytes were incubated in Ca2+-
free KSOM supplemented with 10 mM SrCl2 (activation medium). When
indicated, the eggs were incubated in activation medium supplemented with
5 μM BFA (1:1000 fold dilution from a 5 mM stock made in ethanol).
Live oocyte imaging
For imaging chromosome dynamics during oocyte maturation, denuded
mouse oocytes were incubated in KSOM as described above. Seven hours after
GVBD (approximately 9 h from the start of the incubation), the oocytes were
transferred to KSOM containing 10 nM of Hoechst dye and placed in LU-CB1
Leiden Micro-incubator (5% CO2, 37 °C). The microincubator was placed under
a Leica MZFIII upright fluorescence microscope equipped with Q-imaging
digital video camera and OpenLab v 3.1.7 software. Chromosome images were
taken automatically every 15–30 min (as indicated). Whenever bright-field
images were desired, manual intervention was required. To minimize possible
UV damage, we focused our attention to the first few hours during which control
oocytes underwent first polar body formation. The oocytes were then left in the
Micro-incubator overnight, with the UV lamp shut off. A final picture was taken
the next morning. Typically, more than 20 oocytes were placed in the drop but
only 5–10 oocytes were within the microscopic field. We did not observe any
significant difference between these oocytes and those outside of the field
(therefore not subjected to direct UV illumination) in terms of polar body
formation.
For imaging spindle dynamics, denuded mouse oocytes were injected with
Oregon Green 514 tubulin (Molecular Probes), diluted 1:3 with dilution
buffer:80 mM PIPES, 1 mM EDTA and 1 mMMgCl2, and freshly added GTP to
1 mM. Each oocyte received approximately 10 pl. The injected oocytes were
cultured in KSOM until 7 h after GVBD before subjecting to time lapse imaging
as described above.
For experiments depicted in Fig. 6C, oocytes were injected with β5-tubulin-
GFP mRNA, synthesized as described in Verlhac et al. (2000), incubated in M16
medium with 100 μM dibutyl-cAMP for 5 h before transfer to M16 medium
without dibutyl-cAMP. The oocytes were incubated for 20 h before transfer to
Sr2+ activation medium (above) followed by video microscopy. Due to the need
to maintain stillness of the oocytes for time lapse imaging, oocytes were
transferred to Sr2+ activation medium, placed under oil, before being moved to
the on-stage microincubator for video microscopy. At the moment, this
procedure requires 10–15 min setup time and, therefore, the first image (time 0)
actually represents 10–15 min following the addition of Sr2+.
Chromosome spread
We followed the Tarkowski method (Evans, 1987) to spread chromosomes
onto glass microscope slides. Briefly, oocytes were washed twice with fresh 1%
sodium citrate and then left in the same solution for 20 min at room temperature.
A microdrop (2–3 μl) of 1% sodium citrate with a single oocyte (or two) was
placed on a grease-free slide and the reverse side marked with a circle to indicate
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was then introduced into the microdrop containing the oocyte. The chromo-
somes were visualized by epifluorescence microscopy following a brief staining
with Sytox Green (Molecular Probe, diluted 1:1000).
Immunofluorescence and confocal microscopy
All incubation procedures were carried out in a 37 °C heat box (unless
otherwise specified) in 100 μl solution in 96-well culture plate. Oocytes were
fixed by pre-warmed (37 °C) fixing solution (2% formaldehyde, 0.5% Triton X-
100, 1 μM Taxol, 10 μg/ml aprotinin, 10 mM Tris, 150 mM NaCl) for 20 min
then rinsed 3 times in blocking solution (2% BSA, 2% fetal bovine serum, 0.1 M
glycine, 0.01% Triton X-100, 10 mM Tris, pH 7.5, 150 mM NaCl) (10 min
each). Oocytes were then incubated overnight at 4 °C with mouse anti-β-tubulin
(MP Biomedicals, DM1b ascites fluid; used at 1:50 in blocking solution) to
visualize spindles or with mouse anti-GM130 (BD Transduction Labs, 1: 50) to
visualize the Golgi apparatus. Oocytes were rinsed at least 5 times in blocking
solution (10 min each) to minimize nonspecific binding followed by incubation
with Alexa-594 second antibody conjugates (1:200 in blocking solution) for 3 h
in the dark. The remaining procedure was carried out such that oocytes were
exposed to as little light as possible. Unbound secondary antibodies were
removed by rising 6 times in blocking solution (10 min each). Then oocytes
were incubated for at least 3 h with Sytox Green [1:1000 in half strength TBS–
Triton (TBS–Triton: 10 mM Tris, pH 7.5, 150 mM NaCl, 0.01% Triton X-100;
1:1 with water for half strength)]. Oocytes were rinsed once with TBS–Triton
(0.01%) and once with water. Then oocytes were stuck to size-0 coverslips and
mounted onto glass slides with 75 mg/ml n-propyl gallate in 1:1 glycerol:water.
To prevent distortion of their shape by the coverslip, we placed a piece of regular
laboratory tape with a hole in the middle on the slide to form a well into which
oocytes could be mounted. The sides of the coverslip were sealed with nail
polish and stored in the dark until microscopic analysis.
For preserving cortical F-actin (Figs. 4A and B), we found it necessary to fix
oocytes with a lower concentration of Triton X-100. Oocytes were fixed for
25 min in 3.8% paraformaldehyde in PBS. The fixed oocytes were
permeabilized by 10 min incubation with PBS containing 0.1% Triton X-100
and 0.3% BSA. Oocytes were then incubated for 2 h in PBS containing 0.01%
Triton X-100 and 0.03% BSA, together with 5 U/ml Alexa594-phalloidin and
0.5–1 μM Sytox Green (Fig. 4A) or 10 U/ml Alexa488 phalloidin and
DRAQ5™ (Biostatus; 1000 dilution) (Fig. 4B). The oocytes were rinsed once in
PBS containing 0.01% Triton X-100 and 0.03% BSA and once in PBS before
mounting for confocal microscopy.
Confocal images were collected using an Olympus IX70 inverted
microscope equipped with a BioRad MRC-1024 confocal laser-scanning unit,
as described previously (Ma et al., 2006). Typically, 30–40 images are collected
at 2 μm intervals and the images were integrated (volume rendering) using
Volocity software (Improvision). Shown are 3D images with the exception of
those in Fig. 4B. The 2D images in Fig. 4B are better suited to show the “actin
caps” in the membrane regions between two adjacent cells.
Statistics
The number of mice used for each experiment is indicated in the figure
legends. Data are presented as the mean±SEM. In all cases, Pb0.05 was
considered significant. All SEM calculations were performed by Microsoft
Excel 2002. Student's t-tests were used for pair-wise analyses.Results
Moreno et al. (2002) reported that BFA inhibited in vitro
mouse oocyte maturation following germinal vesicle breakdown
(GVBD), prior to the formation of metaphase I spindle (although
no chromosome or spindle data are shown in the paper). We
confirmed that denuded mouse oocytes treated with BFA
underwent GVBD (Fig. 1A). However, only about half of the
BFA-treated oocytes remained as a single cell (in the absence ofa polar body) (Figs. 1A, yellow arrow, and D), as reported by
Moreno et al. (2002). Contrary to the claim by Moreno et al.
(2002), these 1-cell oocytes in our experiments exhibited a well-
formed bipolar metaphase spindle (Fig. 1B, 1-cell). The
remainder of the BFA-treated oocytes produced two completely
separated cells of similar size (Figs. 1A, blue arrow, and D).
Interestingly, each of the two cells in the 2-cell phenotype
exhibited a well-formed bipolar metaphase spindle (Fig. 1B,
2-cell). The majority of control oocytes produced an egg and a
polar body (Figs. 1A, black arrow, and D), with a typical
metaphase II spindle in the egg (Fig. 1B).
To further analyze the chromosome morphology of BFA-
treated oocytes, we carried out chromosome spread experiments
(Evans, 1987). As expected, control oocytes exhibited the
typical monovalent metaphase II chromosome array (Fig. 1C,
box 2) and the partially decondensed polar body chromosomes
(Fig. 1C, box 1). Chromosome monovalents were sometimes
seen “broken” away from the rest of the group (see the
monovalent in the left lower corner in box 2) in this procedure,
as noted by others (Hodges and Hunt, 2002). Interestingly, each
of the two cells in BFA-treated 2-cell phenotype also exhibited
the typical monovalent metaphase II chromosome array (Fig.
1C, boxes 4 and 5). In contrast, the single cell in BFA treatment
group (1-cell) exhibited twice as many monovalent metaphase
II chromosomes (Fig. 1C, box 3). These results suggested that
BFA did not affect “nuclear maturation” but altered cytokinesis
to produce two half-size eggs (2-cell) or to inhibit cytokinesis
(1-cell). The spindle/chromosome morphology indicated that
BFA-treated oocytes were stably arrested in metaphase II. To
confirm this, we analyzed MAP kinase status in these oocytes.
As shown in Fig. 1E, p42/p44 MAP kinase was phosphorylated
in both control MII oocytes and BFA-treated oocytes.
To determine more precisely the nature of the BFA-caused
defect, we carried out time lapse imaging experiments in which
we monitored chromosome dynamics during in vitro maturation
of the denuded oocytes. As reported previously by others
(Verlhac et al., 2000) and shown in Fig. 2A (also see
Supplemental video 2A), a single metaphase I chromosome
array was still evident in the oocyte about 8 h after GVBD and,
then at 8 h 20 min (mean of 8.9 h with SEM of 0.2 h, 17
oocytes), anaphase chromosomes were evident. Within 20 min
(at 8 h 40 min), the oocyte had emitted the first polar body.
BFA-treated oocytes also proceeded to anaphase normally and
on schedule (Figs. 2B, C; mean of 9.2 h with SEM of 0.2 h, 31
oocytes). However, in about half the oocytes (Fig. 2B; also see
Supplemental video 2B), symmetric cytokinesis ensued,
forming two cells of similar sizes. In the other half of the
oocytes (Fig. 2C; also see Supplemental video 2C), anaphase
occurred normally, as evidenced by separation of Hoechst-
labeled chromosomes, and was accompanied by the formation
of the cleavage furrow but cytokinesis was never completed.
Eventually, the chromosomes re-congressed, the cleavage
furrow regressed, and the oocyte reverted to a single cell with
one metaphase chromosome array containing tetraploid number
of chromosomes (see Fig. 1C, box 3).
Verlhac et al. show that inmos−/−mouse oocytes, which lack
spindle migration, a somewhat asymmetric cell division is still
Fig. 1. BFA inhibits polar body formation in denuded mouse oocytes. Denuded mouse oocytes were cultured for 16 h in KSOM medium (control) or KSOMmedium
containing 5 μMBFA. (A) Pictures of a typical experiment, at the end of the 16 h incubation. Black arrow indicates a mature egg with a polar body (PB). Yellow arrow
and blue arrow indicate the 1-cell and 2-cell phenotypes, respectively, in BFA-treated oocytes. (B) Representative confocal images of a metaphase II-arrested egg with
a polar body (PB), 1-cell and 2-cell (BFA). Red: anti-tubulin. Green: Sytox Green. (C) Representative images of “chromosome spread” analyses of metaphase II-
arrested egg with a polar body (PB), 1-cell, and 2-cell (BFA). Areas of interest (1–5) are enlarged and shown below. (D) Sum of 6 independent experiments each with
one mouse with its oocytes split equally for control and BFA treatment. Shown are averages (with SEM) of oocytes with the phenotypes of germinal vesicle (GV),
polar body (PB), 1-cell, or 2-cell at the end of the 16 h culture. ∗Pb0.001. (E) Extracts of control GVoocytes, control metaphase II oocytes, and BFA-treated oocytes
were immunoblotted with antibodies against phosphor-MAP kinase or β tubulin. Shown is a representative of three independent experiments. Each lane represents an
extract derived from 40 oocytes. Arrowheads indicate positions of phosphorylated (active) p42/p44 forms of MAP kinase.
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al., 2000). Since cytokinesis in our BFA-treated oocytes was
always symmetrical, we hypothesized that no such spindle
elongation should occur in these oocytes. (The other major
difference between the mos−/− oocytes and BFA-treatedoocytes is that the former exhibit parthenogenetic activation
(Choi et al., 1996) whereas the latter are arrested in metaphase II
as shown here by both chromosome morphology and MAP
kinase status.) To test this hypothesis, mouse oocytes were
injected with fluorescent tubulin followed by in vitromaturation.
Fig. 2. BFA does not inhibit anaphase initiation. (A) Chromosome dynamics of a representative control mouse oocyte (of a total of 17) with the corresponding bright-
field images. Time points indicate time lapse from GVBD. (B and C) Representative chromosome images (and bright-field images of selective time points) of BFA-
treated mouse oocytes (of a total of 31) showing the 2-cell (B) and 1-cell (C) phenotypes. Oocytes of the 1-cell phenotype separated chromosome homologues and
initiated cytokinesis but failed abscission.
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meiosis I spindles in oocytes treated with BFA (Figs. 3B, C; also
see the corresponding Supplemental videos 3B and 3C),
compared to control oocytes (Fig. 3A; also see Supplemental
video 3A). In control oocytes, the metaphase I spindle was
asymmetrically attached to the cortex prior to cytokinesis (Fig.
3A), as reported previously (Verlhac et al., 2000). In contrast, in
BFA-treated oocytes, metaphase I spindle remained centrally
localized (Figs. 3B and C). In all cases (control and BFA), a
cleavage furrow developed at a similar time after GVBD,
resulting to the extrusion of a polar body (Fig. 3A), two half-
size eggs (Fig. 3B), or a failed cleavage (Fig. 3C). To further
establish that BFA did not cause spindle elongation and/or other
spindle defect, we fixed control oocytes and BFA-treated
oocytes shortly before a cleavage furrow developed (see legend
to Fig. 3D). The fixed oocytes were processed for spindle
imaging and measuring. Clearly, metaphase I spindles in BFA-
treated oocytes were indistinguishable from those in controloocytes both in shape and in length. The average length of the
metaphase I spindles in 10 control oocytes was 26.2 μm (SEM
3.3 μm) and that of 14 BFA-treated oocytes was identical
26.2 μm (SEM 3.0 μm). As expected, the metaphase I spindle in
control oocytes all showed asymmetric positioning with one
pole attached to the cortex. In contrast, none of the metaphase I
spindles in BFA-treated oocytes exhibited this asymmetric
positioning (Fig. 3D). Therefore, BFA treatment did not affect
spindle structure but prevented the asymmetric spindle
positioning and, as a result, transformed polar body formation
to a symmetric cell division.
Unlike chromosomes extruded to the polar body which
become rapidly decondensed (Fig. 1C, box 1) and lose viability
(Wakayama and Yanagimachi, 1998), each one of the two half-
size eggs contained condensed metaphase II chromosomes and
a well formed spindle (Fig. 1B, 2-cell, and the corresponding
chromosome spreads in Fig. 1C). Indeed, when the two half-
size eggs were treated with Sr2+, each half-size egg produced a
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functionality of the two metaphase II spindles.
Spindle migration/asymmetric positioning during oocyte
maturation is dependent on the actin cytoskeleton (Verlhac et
al., 2000). Asymmetric spindle positioning, or more accurately
the chromosome component of the spindle, induces an “F-actin
cap” in the adjacent cortical region (Longo and Chen, 1985). To
test whether the formation of the F-actin cap was sensitive to
BFA, we analyzed oocytes at the time of cytokinesis (Fig. 4A)
and followingmetaphase II arrest (Fig. 4B). In control oocytes an
F-actin cap was prominent, accompanied by the juxtaposing
metaphase I chromosomes (ctrl, 8 h), shortly before polar body
formation (8.5 h). In contrast, BFA-treated oocytes exhibited
centrally localized metaphase I chromosomes and lacked any
cortical F-actin cap (BFA, 8 h), shortly before the start of
symmetric cytokinesis (BFA, 8.5 h). However, following
overnight incubation, we found that 100% of the BFA-induced
2-cell eggs (8/8) exhibited these F-actin caps in both half-size
eggs and that all caps (16/16) were located at the junction of the
two half-size eggs (Fig. 4B, 2-cell). In these eggs, the metaphase
II chromosomes always lied juxtaposing these F-actin caps. In
theBFA-treated 1-cell group,we found that 30% (5/17) exhibited
no F-actin cap (Fig. 4B, 1-cell, no cap) while 70% (12/17) did
(Fig. 4B, 1-cell, cap). These phenotypes correlated, respectively,
with metaphase II chromosomes that were localized centrally or
near the cortex. Therefore, formation of these F-actin caps
was not sensitive to BFA per se, but was controlled by spindle
(or more accurately chromosome) positioning.
In contrast to somatic cells, mouse oocytes lack conventional
centrosomes and exhibit numerous dispersed mini-Golgis
(Wassarman and Josefowicz, 1978; Moreno et al., 2002).
Moreno et al. (2002) demonstrated that treatment of mouse
oocytes with BFA resulted in further dispersion of these mini-
Golgi complexes, consistent with a disruption of ER-to-Golgi
vesicle transport by BFA. However, as we clearly demonstrated
that BFA-treated mouse oocytes exhibited well organized
metaphase spindles but Moreno et al. claimed that BFA-treated
mouse oocytes did not assemble metaphase I spindle. Therefore,
we thought it important to confirm the effect of BFA on the
distribution of mini-Golgi complex in mouse oocytes. We
analyzed a series of mouse oocytes at different stages of
maturation with antibodies against GM130, a cis Golgi matrix
marker (Nakamura et al., 1995). We obtained results very
similar to those reported by Moreno et al. (2002), as described
here (Fig. 5). GM130-positive mini-Golgi complexes were
distributed throughout the oocyte cytoplasm (Fig. 5i). During
oocyte maturation, there was significant further dispersion of
these mini-Golgis (Figs. 5ii to iv). To determine whether BFA
caused mini-Golgi dispersion, we incubated GV oocytes in
medium containing high levels of dibutyl-cAMP to maintainFig. 3. BFA inhibits asymmetric spindle positioning. (A) Spindle (fluorescent tubulin)
panel Awith the exception that oocytes injected with fluorescent tubulin were immedia
1-cell (C) phenotypes, respectively. (D)Denuded oocytes (fromBDF1mice) were incu
spindle analyses (similar to Fig. 1B). The 9 h point was chosen because a few oocytes
approaching of polar body formation in the remaining oocytes. Similarly in BFA-treate
of 10 control oocytes and 14 BFA-treated oocytes (from three mice) that were still in
20 μm.prophase arrest (Figs. 5v, vi). Under these conditions, the effect
of BFA on mini-Golgi dispersion was very pronounced, as
reported previously (Moreno et al., 2002). However, the
greatest mini-Golgi dispersion occurred in oocytes treated
with BFA (Fig. 5vii, a 2-cell phenotype), not surprising because
of the compounded effect of BFA treatment and the “natural”
dispersion during oocyte maturation.
Unlike the metaphase I spindle which forms centrally and
then migrates to the cortex before the formation of the first polar
body, the metaphase II spindle forms near the cortex and
positions with its axis parallel to the cortex. Following
successful fertilization, the spindle becomes perpendicular to
the cortex before the formation of the second polar body
(Verlhac et al., 1994). To examine whether BFA also affected
second polar body formation, we carried out parthenogenetic
activation of eggs in the presence or absence of BFA. Control
ovulated eggs activated with SrCl2 emitted the second polar
body within 2 h (Figs. 6A, Bi, vii) and formed a single
pronucleus by 5 h (Figs. 6Bii, iii, viii), as previously reported
(Tombes et al., 1992). In contrast, eggs treated with SrCl2 in the
presence of BFA separated chromosomes normally but failed to
emit the second polar body (Figs. 6A, Biv, ix) and, instead,
developed a cleavage furrow at 5 h (Fig. 6Bv), dividing the egg
into two cells each containing a pronucleus (Figs. 6Bv, vi, x).
We were intrigued by the significant delay in cytokinesis in
BFA-treated eggs (5 h) and its temporal uncoupling from nuclear
division (2 h). Analyzing chromosomes and microtubules
revealed that chromosome separation was similar in both groups
of eggs in that within 2 h of SrCl2 treatment the separation was
complete (Figs. 6Bvii, ix; and data not shown). However, unlike
in control eggs (13/17) inwhich the central spindle/midbodywas
perpendicular to the oocyte cortex and lied across the oocyte
plasma membrane (Fig. 6Bvii), the central spindle/midbody in
BFA-treated oocytes (19/22) were completely inside the oocytes
and lied near the cortex (Fig. 6Bix). Clearly, chromosome
separation in the presence of BFA had proceededwithout spindle
rotation and was not accompanied by cytokinesis. Analyzing a
series of BFA-treated eggs revealed that, by 5 h of SrCl2
treatment, furrowing (arrow) always (14/14) bisected the length
of the midbody in a perpendicular configuration (Fig. 6Bx).
Although there was no visible connection between the midbody
and the two pronuclei at 5 h of SrCl2 treatment (Fig. 6Bx and
data not shown), this delayed cytokinesis always (26/26)
generated two cells each with one pronucleus. Therefore it
appeared that both the midbody and the pronuclei may be
involved in specification of the cleavage furrow in these oocytes
(discussed below). To directly demonstrate spindle dynamics
during parthenogenetic activation, we carried out video micro-
scopy of live oocytes injected with β5-tubulin-GFP mRNA
(Verlhac et al., 2000). In control oocytes, metaphase II spindleimages in a typical control oocyte during in vitro maturation. (B and C) Similar to
tely placed in medium containing 5 μMBFA. Shown are images of 2-cell (B) and
bated in the absence (ctrl) or presence of BFA (5 μM) for 9 h before being fixed for
in the control group had started to form the first polar body, signifying imminent
d group, a few oocytes had started to develop a cleavage furrow.We imaged a total
metaphase I. Shown are two representative images from each group. Scale bar is
Fig. 4. Polarized cortical F-actin (“actin cap”). (A) Denuded oocytes were
incubated in the absence (control) or presence of 5 μM BFA for the indicated
period of time after GVBD. Oocytes were fixed and co-stained with Alexa594-
phalloidin (red) and Sytox Green (green) and viewed by confocal microscopy.
Shown are representative images from three independent experiments, with at
least 15 oocytes at each time point of each experiment. (B) Denuded oocytes
(BDF1) were incubated overnight in the absence (control) or presence of 5 μM
BFA. Oocytes were fixed and co-stained with Alexa 488-phalloidin (green) and
DRAQ5™ (blue) and viewed by confocal microscopy. Shown are representative
images (2D slices) from three mice.
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(Fig. 6C, top row, 40–50 min; and Supplemental video 6C1).
The first polar body of this oocyte was not visible at this angle. In
contrast, in BFA-treated oocytes, metaphase II spindle remainedinside the eggs as the spindle slightly elongated (indicating
anaphase/telophase, Fig. 6C, bottom row, 60 min; and
accompanied video Supplemental video 6C2) andmoved further
inside the egg (Fig. 6C, bottom row, 75 min). Oocytes in this
group never extruded the second polar body. These results
confirmed that in BFA-treated eggs, chromosome separation
occurred intracellularly.
Discussion
BFA is a highly specific inhibitor of ARF-mediated, Golgi-
based vesicle fusion (Donaldson et al., 1992). Although ARF
proteins can function at different cellular membranes including
the plasma membranes and the Golgi membranes, only the
Golgi-based ARF proteins are inhibited by BFA (Donaldson
and Jackson, 2000). This remarkable selectivity is the result of
the unique mechanism of BFA action: it binds the interface
between ARF-GDP and the Sec7 catalytic domain of a class of
high mw (molecular weight) guanine nucleotide exchange
factors (GEFs), forming an abortive complex incapable of GDP
dissociation or GTP exchange. By virtue of the exclusive
association of these high mw GEFs with the Golgi apparatus,
BFA is widely employed to inhibit Golgi-based vesicle fusion
(Donaldson and Jackson, 2000).
It has been shown that BFA affects the terminal phase of
cytokinesis, or abscission, in early C. elegans embryos such
that a cleavage furrow appears but eventually regresses (Skop et
al., 2001). It is thought that abscission requires membrane
vesicle deposition to the midzone region at the end of
cytokinesis (Glotzer, 2005). We observed similar abscission
failure in meiosis I in mouse oocytes treated with BFA, with the
exception that in a typical experiment only half of the treated
oocytes exhibited such a failure (Figs. 1, 2C). It is worth noting
that Moreno et al. did not observe similar 2-cell phenotype in
their experiments which employed concentrations of BFA (5–
10 μM) similar to that used here (5 μM). One likely explanation
is the strain difference — ICR mouse oocytes used by Moreno
et al. may be more susceptible to abscission failure caused by
BFA. It is also interesting to note that unlike meiosis I oocytes
which suffer significant abscission failure when treated with
BFA (Figs. 1A, D), almost all of the superovulated eggs
complete cytokinesis (either form second polar body or produce
2-cell) when treated with Sr2+ and BFA (Figs. 6A, B). The exact
role of the Golgi complex in the completion of cytokinesis
(abscission) warrants further investigation.
Asymmetric spindle positioning
The more interesting, and novel, discovery in this study is
the inability of BFA-treated oocytes to position the meiotic
spindle perpendicular to the cortex required to form a polar
body. There are two manifestations of this defect. During oocyte
maturation, the centrally formed metaphase I spindle failed to
translocate to the cortex. Instead, it remained in the center of the
oocyte and maintained its normal length. In contrast, the
metaphase II spindle, with its axis parallel to the egg cortex,
failed to rotate upon parthenogenetic activation.
Fig. 5. Distribution of the cis Golgi matrix maker GM130. Denuded mouse oocytes at GV (i), metaphase I (ii), anaphase I (iii), or metaphase II (iv) were stained with
antibodies against GM130 (red) and Sytox Green (green). Panel viii depicts the negative control in which a metaphase II oocyte was processed similarly with the
exception that the primary antibodies (anti-GM130) were left out. Panel v represents denuded mouse oocytes incubated overnight with dibutyl-cAMP (100 μM) to
maintain prophase arrest. Panel vi represents oocytes treated overnight with dibutyl-cAMP and BFA (5 μM). Panel vii depicts oocytes incubated with BFA overnight
(2-cell phenotype). A total of more than 200 oocytes were analyzed in 6 experiments. Pictures shown were of the same settings in both confocal scanning and in image
processing. A section (square) of each of the images was magnified and shown immediately above (i′–iv′) or below (v′–viii′).
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thought to be primarily responsible for directing spindle
movement and spindle positioning by interacting with the
actin cytoskeleton (Schuyler and Pellman, 2001b). In the
“search and capture” model of spindle migration (Schuyler and
Pellman, 2001b), microtubule “plus-end-tracking proteins” are
thought to play prominent roles in finding cortical sites for
directing spindle migration and for spindle positioning
(Schuyler and Pellman, 2001a). However, little is known
whether aster microtubules also play a similar role in directing
metaphase I spindle migration in vertebrate oocytes, particularly
since these oocytes do not possess conventional centrosomes
and the meiotic spindle poles do not exhibit prominent aster
microtubules (Schuh and Ellenberg, 2007). Clearly, the actin
cytoskeleton is also a necessary mediator since the metaphase Ispindle remains centrally positioned if oocytes are treated with
cytochalasins (Kubiak et al., 1991; Verlhac et al., 2000) or in
oocytes lacking the actin polymerization activator formin-2
(Dumont et al., 2007; Leader et al., 2002). Similarly, disrupting
the actin cytoskeleton also affects metaphase II spindle rotation
upon fertilization or parthenogenetic activation (Zhu et al.,
2003). That the spindle always migrates along its axis (Verlhac
et al., 2000) and that one spindle pole eventually contacts the
oocyte cortex strongly argue that the spindle pole plays a
prominent role in directing spindle migration and the asym-
metric spindle positioning prior to polar body formation (Moore
and Zernicka-Goetz, 2005). It is also clear that aster
microtubules are present in mouse oocytes (Moore and
Zernicka-Goetz, 2005; Schuh and Ellenberg, 2007) and in
frog oocytes (Ma et al., 2003). Therefore it is likely that these
Fig. 6. BFA prevents second polar body formation. (A) Superovulated eggs were incubated in activation medium (control) or activation medium supplemented with
BFA. The eggs were examined 11 h after the treatment and classified as second polar body (SPB) or 2-cell. A few eggs, in either group, remained as one cell without a
second polar body and were classified as “other”. Shown are averages of 6 independent experiments (with SEM), each with one or two mice. Eggs isolated in each
experiment were equally and randomly split between control and BFA groups. (B) An example of experiments shown in panel A in which images were photographed
at the indicated time following incubation in activation medium (with or without BFA) (panels i–vi) or analyzed by confocal microscopy following staining with
anti-β-tubulin (red) and Sytox Green (green) (panels vii to x). Note that at 2 h following Sr2+ treatment, control eggs exhibited a prominent second polar body (2 pb)
and a less prominent and partially degenerated first polar body (1 pb) (panels i, vii). Most Sr2+/BFA-treated eggs had only the first polar body at this stage (2 h, iv, ix).
Also at this time point, the central spindle/midbody (mb) in control eggs was seen crossing the egg cortex (vii) whereas in BFA-treated eggs it was entirely inside the
egg (ix). At 5 h, the majority of the control eggs exhibited a single pronucleus (pn) (ii, viii) whereas the majority of the BFA-treated eggs contained two female
pronuclei (v, x). Also evident in the bright-field image is that the delayed cleavage furrow developed around 5 h after Sr2+ treatment (panel v), several hours after
nuclear division (2 h). Each of the confocal images was representative of at least 14 eggs examined in at least three independent experiments. (C) Oocytes injected with
β5-tubulin-GFP mRNAwere matured to MII in vitro before subjected to parthenogenetic activation without (top row) or with (bottom row) 5 μM BFA. Shown are
selected frames of videos, available in the Supplemental section.
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ing in mouse oocytes (Moore and Zernicka-Goetz, 2005).
However, in oocytes treated with BFA, the actin cytoskeleton
appeared normal in that all treated oocytes began furrowing,
which is known to be driven by the actomyosin-based
contractile ring (Glotzer, 2005). Similarly, the spindle structure
is normal and functional, in that anaphase occurred normally
and chromosomes appeared to separate normally and on
schedule. Clearly BFA did not grossly distort the actin or
microtubule cytoskeleton but still prevented asymmetric spindle
positioning. It will be of great interest to determine whether any
of the microtubule “plus-end-tracking proteins” (Schuyler and
Pellman, 2001a) is required for the asymmetric spindle
positioning in mouse oocytes and BFA may prove to be a
very useful tool in these analyses.
In contrast to the dramatic effect of oocytes treated with
BFA, no apparent abnormality is observed when fertilized
bovine eggs are treated with BFA, up to the 8-cell stage (Payne
and Schatten, 2003). Clearly, the Golgi complex is not involved
in mitotic spindle positioning in early mammalian embryos, not
surprising given that no asymmetric spindle positioning is
required in these early embryos (Vinot et al., 2005).
Interestingly, that BFA affects asymmetric spindle position-
ing has been demonstrated previously in at least two other
systems. In the Fucus zygote, the first mitotic spindle orients
along the direction of sunlight and divides the zygote into a
larger thallus cell (forming the body of the Fucus embryo) and a
smaller, polarly growing rhizoid cell (forming the rhizoid
filament). In the presence of BFA, the first mitotic spindle fails to
polarize, resulting in misorientation of the division plane (Shaw
and Quatrano, 1996). Similarly, it has also been reported that
BFA, in addition to causing abscission failure, causes misalign-
ment of mitotic spindle in the one-cellC. elegans embryos (Skop
et al., 2001). The common effect of BFA on asymmetric spindle
positioning in these different organisms is suggestive of a novel
mechanism in regulating spindle positioning in asymmetric cell
division. The mechanism underlying the effect of BFA on
spindle positioning in these different model systems is unknown
but will constitute important future investigation.
Furrow specification
The unanticipated delay in cytokinesis during parthenoge-
netic activation of BFA-treated eggs revealed a previously
unappreciated aspect of temporal and spatial control of
cytokinesis. In most animal cells including the eggs, cytokinetic
furrowing develops shortly after (or simultaneously with)
anaphase initiation and is controlled spatially by the spindle
structure. In particular, the spindle midzone has been recognized
as the key element in specifying the cleavage furrow
(McCollum, 2004). We report here for the first time that a
cleavage furrow can develop in the mouse eggs several hours
after the completion of nuclear division, and in the absence of a
spindle structure. The midbody is the only microtubule remnant
of the spindle at the time of furrowing (5 h post SrCl2).
Nonetheless, in all the eggs we examined, the delayed cleavage
furrow bisected the length of the midbody, strongly suggestingthat the midbody was capable of specifying the cleavage furrow.
Remarkably, this delayed cleavage also correctly partitioned the
two pronuclei in all the eggs we examined (26/26). Since the
midbody was completely severed from the pronuclei at 5 h of
SrCl2 treatment, the accurate partitioning of the two pronuclei
by the delayed cleavage would suggest that the pronuclei also
provide independent positional cues to the cleavage site
specification.
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